a single viral polyprotein, processed co-and posttranslationally by host cell-and virus-derived proteases to the mature viral proteins. BVDV strains, genotypically divided into two distinct types (type 1 and 2), are also classified by two biotypes based on their lytic activity in cell culture: cytopathic (cp) and noncytopathic (ncp) (34) . Both cp and ncp BVDV strains cause similar clinical symptoms in postnatal and adult animals, including diarrhea, pyrexia, anorexia, enteric disease (13) , as well as reproductive failure (36) . NcpBVDV strains, in contrast to cpBVDV, are able to cause persistent infection in fetuses of cows infected during early (before day 120 -150) stages of gestation (5, 10) . Development of persistent infection is one of the strategies utilized by viruses to evade the immune response of the host and to establish a reservoir of infection in a population. Animals persistently infected (PI) with BVDV serve as a continuous source of the virus due to life-long shedding (24) . Clinical detection of PI calves is complicated, because some PI animals may survive for years in a relatively healthy state (19) , while others may succumb to superimposed infections during the first year of life. This is often caused by immunosuppression (7) or development of a fatal mucosal disease after superinfection with a homologous strain of cpBVDV (9, 49) . Multiple birth defects in PI calves have also been reported (18, 62) . Early diagnosis of pregnant cows carrying PI fetuses and timely elimination of the PI animal before birth would greatly benefit the programs of BVDV control. Currently, available methods of BVDV diagnostics do not distinguish cows with PI fetuses from pregnant cows that seroconverted in response to vaccination or BVDV infection.
Mechanisms of establishment of persistent infection in fetuses infected before the development of a competent immune system are not completely elucidated. Failure of ncpBVDV to induce type I interferon (IFN) and the ability of these viruses to interfere with the induction of the type I IFN response and downstream pathways, which serve as the major innate immune defense mechanism, were considered to be among the mechanisms employed by the virus to develop persistent infection (2, 16) . Recent studies by our group and by others have demonstrated presence of bioactive type I IFN in serum of cows and calves transiently infected (TI) with ncpBVDV (15, 53) . Dramatic upregulation of IFN-stimulated gene 15 (ISG15), a downstream member of the type I IFN signaling pathway and a marker of its upregulation, was detected in blood of ncpBVDV-infected cows during acute infection (53) . We have also shown that TI fetuses of cows infected in late gestation are able to mount a robust response of bioactive type I IFN and upregulation of IFN stimulated genes (ISGs), such as ISG15, protein kinase R (PKR), 2Ј,5Ј-olygoadenylate synthetase 1 (OAS-1), and myxovirus resistance factor 2 (MX2), while PI fetuses and PI steers infected early in gestation demonstrated mild chronic upregulation of the type I IFN response (51, 53) . Cytosolic dsRNA sensors retinoic acid-induced gene I (RIG-I) and melanoma differentiation-associated protein 5 (MDA-5), recently implicated in type I IFN gene regulation upon cytoplasmic dsRNA stimulation (1, 66) , showed the same trend in blood of TI fetuses, PI fetuses, and PI steers (51) . Delineation of other genes in the type I IFN pathway and related immunoregulatory pathways may help clarify responses to persistent vs. transient BVDV infection.
Infection with both cp and ncp biotypes of BVDV induces immunosuppression in infected cattle and results in predisposition to other pathogens (43) . Multiple immunosuppressive processes have been described in BVDV infection: decreased lymphocyte proliferation (8) , decreased chemokine production and chemotaxis (31, 65) , decreased mononuclear cell proliferation (45) , and stimulation of prostaglandin E2 production (63) . However, a complete genomic screen of different signaling pathways associated with immunosuppression has not been described.
In this study we have sought to analyze immune response processes affected by ncpBVDV infection in pregnant heifers at different stages of gestation. By using a genome-wide microarray analysis we tested the hypothesis that ncpBVDV infection would alter immune response and lead to downregulation of proinflammatory processes in pregnant dams. A genome-wide microarray screen was used to compare gene expression in white blood cells of pregnant heifers carrying TI, PI, or healthy uninfected fetuses and to analyze signaling pathways affected by: 1) transient ncpBVDV2 infection of the pregnant heifer and presence of the TI fetus, 2) long-term presence of a PI fetus in the pregnant dam after seroconversion and clearance of the maternal ncpBVDV2 infection. Based on the data presented in this paper we conclude that: 1) infection with ncpBVDV induces a vigorous type I IFN response and 2) presence of a PI fetus causes downregulation of important signaling pathways in the blood of the dam, which could have deleterious consequences on fetal development and immune responses.
MATERIALS AND METHODS

Animals
All experiments using cattle were approved by the Animal Care and Use Committees at the University of Wyoming and Colorado State University. Eighteen weaned Hereford heifers not vaccinated against BVDV were screened for anti-BVDV antibodies twice and were found to be seronegative for BVDV1 and BVDV2 in standard serum neutralization assay. No BVDV virus was found in ear notch extracts using commercial ELISA (IDEXX Laboratories, Westbrook, ME). Prior to the start of the experiment all heifers were confirmed to be seronegative to bovine herpesvirus type 1 and to bovine respiratory syncytial virus. Estrous cycles were synchronized at ϳ12 mo of age, and the heifers were artificially inseminated and assigned to one of the three viral treatment groups.
Viral Challenge
The heifers (n ϭ 6 per each group) were inoculated with ncp BVDV2 strain 96B2222 (61) on day 75 (PI group) or day 175 (TI group) or kept uninfected (control) to generate PI, TI, or control uninfected fetuses, respectively, as previously described (53) . In brief, each heifer of the PI and TI groups received 2 ml of viral stock aliquot at 4.4 log 10 TCID50/ml intranasally. Blood samples were drawn for RNA isolation on multiple days of infection. Fetuses were recovered by cesarean section on day 190 of gestation.
RNA Isolation for Gene Microarray and RT-PCR
Blood samples for genome-wide microarray analysis were collected into EDTA-containing vacutainers. Red blood cells were lysed with erythrocyte lysis buffer to prevent contamination of RNA with abundant red blood cell proteins; remaining total white blood cells were collected by centrifugation and processed to yield total RNA using QIA shredder spin column and QIAmp procedures and reagents (Qiagen, Valencia, CA) following the manufacturer's instructions. After DNase treatment and clean-up using QIAmp columns RNA was eluted in 30 l of RNase-free water and used for the genome-wide microarray analysis by hybridization and screening of the Affymetrix bovine DNA chip at the Montana State University INBRE Functional Genomics Core Facility (Bozeman, MT). Genome-wide microarray analysis on day 160 of gestation was completed on blood samples of four control heifers and five blood samples of heifers of the PI group. Three heifers from each experimental group (TI, PI, and control) were used for the genome-wide microarray analysis on day 190 of gestation. Blood samples from heifers for both microarray experiments were selected at random from groups of six per treatment. For microarray screens, time points of infection ( Fig. 1) were chosen in a way that would allow us to study pathways in blood cells of pregnant heifers affected by the presence of a PI fetus after clearance of maternal infection (day 160) and identify pathways affected by transient infection of heifers and their fetuses compared with control heifers and heifers carrying PI fetuses (day 190) .
RNA concentrations and purity were determined by measuring absorbances at 260 and 280 nm on a GeneQuant II spectrophotometer (Pharmacia Biotech). RNA quality was evaluated using the RNA 6000 NanoChip assay on a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). RNA samples with 18S/28S ratio of 1.7 and A260/A280 ratio of 1.8ϩ/Ϫ0.2 were used for the arrays. Total RNA was amplified, biotin-labeled, and hybridized to Affymetrix GeneChip Bovine Genome Arrays (#900562; Affymetrix, Santa Clara, CA) as described in the users' manual (Affymetrix GeneChip Expression Analysis Technical Manual, November 2004), using the GeneChip Expression 3Ј Amplification One-Cycle Target Labeling and Control Reagents kit (#900493). Briefly, total RNA (ϳ3.5 g per sample) was reverse transcribed to cDNA using a T7-oligo(dT) primer. Following secondstrand cDNA synthesis, the double-stranded cDNA was purified as a template for the subsequent in vitro transcription (IVT) reaction. Linearly amplified biotin-labeled complementary RNA (cRNA) was synthesized in the presence of a biotinylated nucleotide analog/ ribonucleic acid mix. The labeled cRNA was purified, fragmented, and hybridized to the arrays at 45°C for 16 h with constant rotational mixing at 60 rpm. Washing and staining of the arrays were performed using the Affymetrix GeneChip Fluidics Station 450. Arrays were scanned using an Affymetrix GeneChip Scanner 7G and GCOS software version 1.4. The Bovine Genome gene chip contains 24,027 probe sets representing Ͼ23,000 transcripts. The array was designed based on content from Bovine UniGene Build 57 (2004) and GenBank mRNAs. Each probe set on the array is represented by 11 pairs of perfect match and mismatch probes.
Total RNA for semiquantitative real-time PCR (qRT-PCR) was isolated from samples of whole blood preserved with Tri reagent BD for Blood Derivatives (Sigma-Aldrich, St. Louis, MO) as previously described (53) . In brief, total RNA was isolated with Tri reagent BD and purified using RNeasy MinElute Cleanup Kit (Qiagen). Synthesis of cDNA was performed using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Synthesized cDNA was diluted fivefold with RNasefree water and used for the qRT-PCR reaction.
Microarray Analysis
Overview of genome-wide microarray analysis. The general overview of the analysis pipeline is given in Fig. 2 . Our pipeline includes most of the standard analysis steps but has a few important differences, allowing us to maximize the advantage of pathway analysis. Standard normalization procedure was used. Inference of potentially differential genes was performed using relaxed criteria. The genes important for understanding the biological processes involved in immune response were selected not solely by the difference in signal emitted by microarray probes. Instead, we concentrated on the "group behavior" of genes, their ability to interact, and preexisting annotation placing the genes into the same biological pathway and linking to the same cellular function. Thus, the inference was done with very liberal selection criteria and not adjusted for multiple testing. We selected a large list of potentially differential genes, which may contain a large number of false positives. We then selected biological pathways, molecular function, and Gene Ontology (GO) terms, which were overrepresented in the initial intensity-based list. The benefits of using pathways and ontological analyses of microarray data have been presented previously (20, 33) . The significance of biological pathways was estimated through a variation of Fisher's exact test as implemented in GeneGo Metacore and adjusted for multiple testing using Benjamini-Hochberg false discovery rate (FDR) analysis (a built-in function of GeneGo Metacore software). Single genes that did not map into any statistically significant pathway (i.e., missing all regulators, downstream targets, ligands, and other components necessary for a functional molecular mechanism) may still be considered significant if reproducible and independently validated in additional experiments. Our approach relies on collective effects of the groups of genes interlinked by functional relationships, which may be inapplicable to some genes lacking information on function, regulation, and interaction with other genes. Specific biomarkers are selected among the members of statistically significant pathways and independently verified by additional RT-PCR experiments.
Normalization. The data were normalized using a quantile algorithm similar to one described by Bolstad et al. (6) . We applied our own Cϩϩ software for normalization (available from Dr. Ptitsyn upon request). Box-plots for prenormalized and normalized expression value distributions are shown in Supplemental Fig. S1A . 1 Preliminary selection of differentially expressed genes. A set of differentially expressed genes was selected using University of Pittsburgh Gene Expression Data Analysis suite (GEDA, http://bioinformatics. upmc.edu/GE2/GEDA.html). For selection, the standard J5 metric with threshold 4 and optional 4 iteration of Jackknife procedure was applied to reduce the number of false-positive differential genes (42) . Both J5 metric and threshold parameter are standard preset values recommended by the developers. We did not attempt to estimate the confidence level of individual genes and used J5 not as a statistical test, but as a selection procedure providing a short list of genes deviating from the expected average value and enriched with differential genes. The MA plot showing selected differential genes is presented in Supplemental Fig. S1B . Notably, the plot shows a balanced representation of moderately and highly expressed genes, i.e., the categories most appropriate for selection of diagnostic biomarkers. Application of selection procedures biased away from highly expressed genes may reveal truly differential genes, but fewer suitable biomarker candidates. DAVID web-based tools were applied to perform functional annotation of all potentially differential genes selected by GEDA. The complete annotated lists for analyzed data sets are given in the GEO database (provisional accession number GSE11835).
Conversion to the nearest human homolog. Current versions of commercial pathway analysis software do not support bovine transcriptome data. We presume that human biological pathways are sufficiently similar to those of Bos taurus. The Affymetrix support website (http://www.affymetrix.com/support) offers tables delineating the nearest homologs between target sequences used to derive sets of probes for different expression arrays. The table of nearest homologs between bovine and human expression arrays was used to convert the bovine list of genes to the list of human homologous genes. Since expression arrays are biased toward less evolutionary conservative 3Ј- 1 The online version of this article contains supplemental material. Fig. 1 . Experimental design. Heifers (n ϭ 6 per group) were inoculated with BVDV on day 75 (PI group) and day 175 (TI group) of gestation. Control group was kept uninfected throughout the experiment. Black stars show days of viremia detected by qRT-PCR. Genome-wide microarray analysis, shown with white stars, was completed on day 160 of gestation [2-way analysis, comparing control heifers (n ϭ 4) and heifers of the PI group, (n ϭ 5)] and day 190 of gestation [3-way analysis, comparing heifers (n ϭ 3 per group) of the control, TI, and PI groups] using Affymetrix bovine chips. Blood samples for RNA isolation were collected from all heifers on days 75, 78, 82, 90, 120, 160, 175, 178, 182 , and 190 of gestation. BVDV, bovine viral diarrhea virus; PI, persistently infected; TI, transiently infected. untranslated regions of expressed genes the conversion procedure loses a considerable number of genes lacking strong similarity between corresponding human and bovine target sequences. However, the remaining list of genes was sufficient to identify statistically overrepresented pathways.
Functional annotation and pathway analysis. Analysis of biological pathways was performed using MetaCore software (GeneGo) licensed through the Colorado State University Center for Bioinformatics and free DAVID tools (25) .
qRT-PCR Procedure and Primers
qRT-PCR reactions were performed with IQ SYBR green supermix (Bio-Rad) on the LightCycler480 (Roche, Basel, Switzerland) using the 384-well plate format. qRT-PCR reaction, performed in duplicate, contained 2 l of cDNA, 5 l of Supermix, and 1.5 l of 7.5 nM solution of each primer. The qRT-PCR reaction was conducted at 95°C for 3 min, followed by 40 cycles of 95°C for 30 s, 61°C for 30 s, and 72°C for 15 s. Upon completion of qRT-PCR amplification, melting curve analysis was performed to evaluate the quality of amplification as described previously (53) . The qRT-PCR results were analyzed with the Comparative C t (⌬⌬Ct) method, and data were presented as a relative expression. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as endogenous control gene for normalization of data. Target genes and primers for qRT-PCR are listed in Supplemental Table S1 . Primers were designed using Primer3 software to generate 90 -110 bp amplicons and optimized for melting point as well as lack of self-annealing or folding at high temperatures. All amplicons were sequenced to confirm identity to the target genes.
Statistical Analysis
Comparison of the gene expression in TI and PI groups of heifers vs. control group and comparison of the gene expression for each group of heifers between multiple time points (days 75-190 of gestation) was performed by applying the unstructured covariance matrix design for longitudinal raw data for relative expression for all time points. Differences of P Ͻ 0.05 were considered statistically significant.
RESULTS
Genome-wide Microarray Analysis
Genome-wide microarray analysis of the gene expression in white blood cells of heifers was completed twice during the experimental infection: on day 160 and day 190 of gestation. For the first analysis on day 160 of gestation total white blood cells mRNA of control heifers was compared with mRNA of heifers carrying PI fetuses. The second microarray experiment using blood of heifers from all three experimental groups was completed on day 190 of gestation. Supplemental Tables S3-S6 contain full lists of differentially expressed genes for both day 160 and 190 microarray screens. The multiple-way comparison of gene expression in all groups at separate time points, along with the comparison of the microarray data sets between two analyzed time points of infection, revealed that multiple signaling pathways are affected by transient BVDV infection and by the presence of TI fetuses in heifers of the TI group, as well as by the presence of PI fetuses in pregnant heifers of the PI group. The most affected pathways are shown in Fig. 3 . While there is a difference in the amplitude of changes in gene expression in microarray data sets of day 160 and day 190, it is evident that major pathways mediating the innate and adaptive immune responses are among the most affected by BVDV infection at both time points: antiviral actions of IFN␣/␤, antigen presentation both by MHC class I and class II, immunological synapse formation, T cell receptor (TCR) signaling, and TCR-CD28 costimulation of NF-B, B-cell receptor (BCR) pathway, nuclear factor of activated T cells (NFAT) in immune response and leukocyte interactions, DAP12 receptor signaling in NK cells, and leukocyte chemotaxis.
Molecular processes changed by the presence of a BVDV PI fetus in the pregnant dam on day 160 of pregnancy are listed in Table 1 . The ratio of the differentially expressed genes represents the "severity" of the impact on the process: antigen processing and presentation, regulation of T cell differentiation, positive regulation of lymphocyte differentiation and activation, response to oxidative stress, and immune response showed the highest ratio of the affected genes out of all currently known.
Upregulation of the Type I Interferon Pathway in Transient BVDV Infection
Analysis of the microarray data set for day 190 of gestation revealed strong and evident upregulation of the type I IFN pathway in blood of heifers of the TI group. Expression of cytosolic sensors for dsRNA (RIG-I and MDA-5) was significantly (2.19 and 1.46 times, respectively) higher in TI heifers compared with control heifers (data not shown). Multiple genes, including the STAT1/STAT2, IRF1, and ISGF3, as well as several ISGs, have been upregulated in blood of heifers of the TI group compared with both control and PI group 15 days post-TI challenge. Figure 4 shows some of the significantly upregulated genes within the type I IFN pathway. Both cytosolic sensors (RIG-I and MDA-5) and three ISGs [OAS-1, IFN-induced protein with tetratricopeptide repeats (IFIT2) from the ISG56 gene family, and ISG15] were selected for the confirmation of the differential expression with the qRT-PCR approach. Figure 5 shows the relative expression of RIG-I, MDA-5, OAS-1, and IFIT2 in blood of heifers of the PI, TI, and control groups of heifers. RIG-I expression (Fig. 5A ) in blood of heifers of the PI and TI groups on day 175 (prior to BVDV challenge) did not differ from the control heifers, while baseline MDA-5 ( qRT-PCR also confirmed rapid and very significant upregulation of OAS-1 and IFIT-2 by 3 and 7 days p.i. (days 178 and 182 of gestation, respectively; Fig. 5, C and D) . IFIT-2 expression returned to baseline level by day 15 p.i., while OAS-1 expression remained greater compared with the control but was evidently returning to the baseline. The complete profile of ISG15 relative expression during the course of the infection (days 75-190) has been published previously (53) . Briefly, we saw a rapid and dramatic upregulation of ISG15 during acute BVDV infection (days 3-7 p.i.) followed by a return to baseline levels 15 days after both PI and TI challenge of heifers.
A summary of processes affected by changes in the type I IFN signaling in BVDV infected heifers is presented in Table 2 . The greatest differences in gene expression were observed in a group of genes that mediate response to the virus, followed by cell surface receptor-linked signal transduction genes, caspase activation, and negative regulation of virion penetration into host.
Downregulation of CXCR4 and TCR Signaling Pathways in Heifers With PI Fetuses
J5 statistical analysis was applied to the Affymetrix microarray screen of white blood cell mRNA from pregnant heifers carrying PI and uninfected fetuses on day 160 and revealed differential expression of 997 genes from numerous pathways. Several members of the type I IFN pathway and members of the chemokine family and chemokine receptors were differentially expressed in blood of PI heifers (for a full list of differentially expressed genes for day 160 microarray dataset see Supplemental Table S3 ). One notable differentially expressed gene was chemokine C-X-C motif receptor 4 (CXCR4), which was approximately twofold downregulated in blood of PI mothers. qRT-PCR of the total maternal blood cell mRNA not only confirmed decreased CXCR4 expression on day 160 of gestation (Fig. 6 ) but also demonstrated that CXCR4 downregulation occurred early in infection at the time of viremia in infected heifers (day 7 p.i.), and remained at this level for ϳ3 mo, returning to the baseline level only by day 175 of gestation. Notably, while TI inoculation on day 175 caused a brief CXCR4 downregulation in TI heifers by day 3 p.i., the difference between TI and control heifers did not reach statistical significance.
Genome-wide microarray analysis demonstrated that expression of CXCR4 in addition to several genes encoding components of the CXCL12/CXCR4 signaling pathway were downregulated in heifers carrying PI fetuses compared with control uninfected pregnant heifers (Fig. 7A) : guanine nucleotide binding protein (G protein); leukocyte common antigen precursor, tyrosine phosphatase CD45; proto-oncogene tyrosine-protein kinase Lck; E3 ubiquitin-protein ligase CBL; dual specificity protein kinases MEK1/2; mitogen-activated protein kinase 1 ERK2; zeta-associated protein 70 (ZAP-70). Direction and ratio of the changes in gene expression on microarray screen (Fig. 7A) are shown for the genes used for the confirmation with qRT-PCR (Fig. 7B) . qRT-PCR confirmed significant downregulation of expression of ZAP-70 and MEK1/2 in blood of heifers of the PI group compared with the control group. Expression of CBL and CD45 mRNA was not different in experimental groups in qRT-PCR (data not shown). Processes affected by changes in CXCR4 signaling are summarized in Table 3 . Protein amino acid phosphorylation, intracellular signaling cascade, Ras protein signaling transduction, integrinmediated signaling pathway, protein kinase cascade, and T cell proliferation and differentiation show the highest changes in gene expression.
TCR and CD3 zeta (CD3) chain, the main members of the TCR pathway, were also downregulated on the microarray (Fig. 7A) . qRT-PCR confirmed downregulation of CD3 chain expression (Fig. 7B) and revealed a tendency to downregulation of TCR␥ cluster expression (P ϭ 0.058). Expression of surface marker of cytotoxic T cells CD8 was significantly lower in heifers of the PI group both on microarray (ratio 0.79) and in qRT-PCR (Fig. 7B) . Processes affected by the TCR signaling changes in heifers of the PI group are presented in Table 3 . Intracellular signaling cascade, T cell differentiation and activation, regulation of TCR signaling pathway, IB kinase/NF-B cascade, MAPK kinase cascade, and immune response, specifically cellular defense response and response to molecule of bacterial origin, were affected the most.
DISCUSSION
Type I IFNs are the first line of defense against many viruses due to their ability to induce apoptosis in the infected cells and to stimulate signaling cascades aimed at developing the cellular resistance to viral infection, as well as their role in activation of the adaptive immune system (reviewed in Refs. 54, 57, 58) . Evasion of the type I IFN response by ncpBVDV viruses was considered to be one of the strategies used by these viruses to establish persistent infection (3, 16) . Despite all the controversy of the studies reporting an absence of the type I IFN response to ncpBVDV infection in vivo and in vitro (17, 43) , several groups recently confirmed the ability of ncpBVDV viral strains to induce a strong type I IFN response in ncpBVDV infected cells or animals (15, 31, 53) . We have previously detected bioactive type I IFN in blood of pregnant heifers infected with ncpBVDV2 and their TI fetuses (53) , as well as upregulation of ISG15 in heifers and of numerous genes -members of the type I IFN pathway -in blood of TI fetuses (51) . Results of genome-wide microarray analysis conducted on the blood of the same experimental heifers are consistent with the previous findings by our group. Multiple genes from different levels of the type I IFN pathway were significantly upregulated based on our microarray data. Type I IFN signaling starts with the detection of the virus. Viruses have conserved structural moieties, known as pathogen-associated molecular patterns (PAMPs), which are recognized by pattern recognition receptors, such as Toll-like receptors (TLRs) and RIG-I-like RNA helicases RIG-I and MDA-5 (59). TLRs represent an extracytoplasmic pathogen sensing, while RNA helicases mediate intracellular (cytosolic) recognition of viruses (23) . Genome-wide microarray analysis did not reveal upregulation of the TLRs following transient infection of pregnant heifers but did detect strong upregulation of both cytosolic dsRNA sensors, RIG-I and MDA-5, which was confirmed by qRT-PCR. Previously, we showed upregulation of RIG-I and MDA-5 in TI and PI fetuses and in PI steers (51) . RIG-I and MDA-5 distinguish different RNA viruses, even belonging to the same family. Within the Flaviviridae, RIG-I, but not MDA-5, is essential for the production of the type I IFN in response to Japanese encephalitis and hepatitis C viruses (26, 55) , while dengue and West Nile viruses are recognized by a combination of RIG-I and MDA-5 (22, 32) . Our data indicate that both RIG-I and MDA-5 sensors can play a role in the recognition of ncpBVDV. Further studies are needed to determine if TLR recognition of BVDV plays a role in the type I IFN response to ncpBVDV viruses.
A type I IFN response induces expression of numerous ISGs, including OAS-1, PKR, ISG15 and members of the ISG56 (IFIT1) gene family (47, 48) . Functions of OAS-1 in antiviral defense are well described as aimed at degradation of viral RNA through activation of ribonuclease L (RNase L) (39, 68) . Microarray data, showing T cell receptor signaling, NFAT in immune response and leukocyte interactions, DAP12 receptor signaling in NK cells, and leukocyte chemotaxis among the most affected pathways by BVDV infection, are in concordance with the dramatic type I IFN response detected in TI heifers. This is not considered to be the selective influence of the type I IFN response, since multiple interacting and crosslinking pathways were affected by ncpBVDV infection. However, the developing type I IFN response may be a major inducer of these events.
The most notable and intriguing finding from the genomewide microarray comparison between heifers carrying PI vs. healthy fetuses was the very significant downregulation of the CXCL12/CXCR4 signaling pathway by the time of established viremia, which lasted for ϳ3 mo post-BVDV challenge. While CXCR4 expression was shown to be decreased in response to several viral infections as reviewed in Ref. 64 , there are no indications in the literature for a possible role of the CXCL12/ CXCR4 pathway in BVDV pathogenesis. CXCR4, a G proteincoupled 7-transmembrane receptor, expressed on the leukocytes and on cells of the central nervous system, has a unique specific endogenous ligand -stromal derived factor 1 (SDF-1), in current nomenclature chemokine C-X-C-motif ligand 12 (CXCL12). CXCR4 is expressed by most T cell subsets, serves as the receptor for CXCL12, and mediates signaling that results in T cell adhesion, chemotaxis, and expression of genes regu- Arrows show direction of the change in gene expression, number shows the ratio of mRNA amount in blood of heifers of the PI group when compared with the blood of heifers of the control group for the genes tested with microarray and qRT-PCR (microarray data, day 160, P Ͻ 0.01). Circled ϪP shows dephosphorylation. B: relative expression of mRNA for differentially expressed genes of CXCL12/CXCR4 pathways in blood of heifers carrying PI or control fetuses, detected with qRT-PCR on day 160 of gestation. Data are presented as means Ϯ SE. **P Ͻ 0.01, ***P Ͻ 0.001. Accession numbers for the differentially expressed genes are listed in Supplemental Table S2 . lating cell-cycle progression and apoptosis (56) . CXCL12/ CXCR4 signaling regulates the development of T and B lymphocytes and contributes to the survival of mature lymphocytes and to the generation of memory T cells (27) . Disruption of CXCL12/CXCR4 interaction has been shown to affect multiple biological processes, such as hematopoiesis, cardiogenesis, vasculogenesis, neuronal development, immune cell trafficking, and to cause embryonic lethality due to the severe developmental defects, such as defective B cell lymphopoeisis and bone marrow colonization, as well as deficient cardiac septum formation (37, 38, 69) . Due to the similarity of the symptoms observed in PI animals to the symptoms characteristic for CXCL12/CXCR4 signaling disruption, we chose this pathway for further study as one of the possible reasons of immunosuppression and fetal defects in PI animals. Genome-wide microarray analysis did not reveal differential expression of CXCL12 in blood of heifers with PI fetuses compared with control animals. Since CXCL12 is constitutively expressed in numerous tissues, while CXCR4 mRNA is subject to a rapid turnover and has a short half-life (about 2 h), the CXCL12/CXCR4 signaling is likely to be regulated at the level of CXCR4 expression (12) . Genome-wide microarray analysis detected downregulation of several downstream genes in CXCL12/CXCR4 pathway, including guanine nucleotide binding protein (G protein) (28); leukocyte common antigen precursor, tyrosine phosphatase CD45, required for T-cell activation through the antigen receptor (21); proto-oncogene tyrosine-protein kinase Lck, essential for the selection and maturation of developing T-cell in the thymus and in mature T-cell function and playing a key role in TCR-linked signaling pathways (40) ; negative regulator of signaling pathways E3 ubiquitin-protein ligase CBL (44); dual specificity protein kinases MEK1/2, playing a critical role in mitogen growth factor signal transduction (14) ; mitogen-activated protein kinase 1 ERK2, required for the initiation of translation (41); and ZAP-70, serving as a cross-link between CXCL12/CXCR4 and TCR pathways (29) . While qRT-PCR approach confirmed downregulation of CXCR4, ZAP-70, and MEK1/2, it did not confirm downregulation of CBL and CD45 expression. Different sensitivity of the microarray screen and qRT-PCR techniques, as well as possible fine attenuation of CD45 and CBL activity through phosphorylation (21) , are suggested as possible reasons underlying the discrepancy between microarray and qRT-PCR data.
All mentioned genes are necessary for the successful CXCL12/CXCR4 signaling, with ZAP-70 being of special interest because it serves as a cross-link between CXCR4 and TCR signaling pathways, both of which were significantly downregulated in heifers with PI fetuses. In response to CXCL12, CXCR4 physically associates with TCR via reorganization of the actin cytoskeleton, which permits CXCR4 to signal via TCR-ZAP-70 complexes, leading to a prolonged ERK2 activation (29) . Cytoskeletal remodeling is listed as a highly affected process in BVDV infection (Fig. 3) , and ERK2-activator MEK1/2 kinase was downregulated both on microarray and in qRT-PCR.
CXCR4 was considered to be a unique receptor for CXCL12 until a recent discovery that CXCR7 (previously known as RDC1) can serve as another CXCL12 receptor (4) . Although CXCR7 and CXCR4 mediate CXCL12 signaling, they have both common and distinct features, e.g., both receptors can serve as coreceptors for certain human immunodeficiency virus strains (50) and are essential for heart valve formation (38, 52) and angiogenesis (11) , but CXCR7 in contrast with CXCR4 appears to not play significant role in hematopoietic or nervous system development (52) . Because CXCR7 is not represented on the Affymetrix bovine microarray, we were unable to compare its expression in our experimental animals, but this gene might be of interest for future BVDV studies.
We confirmed downregulation of several TCR pathway members in blood of heifers carrying PI fetuses with both microarray screen and qRT-PCR: CD3 chain, ZAP-70, and MEK1/2 were significantly downregulated, while TCR␥ showed a trend to downregulation. Decreased expression of CD8 surface marker in blood of heifers carrying PI fetuses, detected by both approaches, might be considered a consequence of a significant downregulation of TCR pathway and reflective of a deficiency of cellular defense response in pregnant dams.
Downregulation of the two major pathways, CXCR4/ CXCL12 and TCR, in heifers with PI fetuses has not been described before. The reasons for a prolonged CXCR4 and TCR downregulation after clearance of the infection need to be clarified by further studies. Very rapid downregulation of the CXCR4 receptor after virus challenge might suggest some direct influence of the viral presence on CXCR4 transcription. However, the fact that the receptor remains downregulated even after BVDV clearance and seroconversion in the dam, which happened by day 120 of gestation in heifers of PI group (53) , supports the idea that a PI fetus might be releasing a factor(s) that circulates in maternal blood and causes inhibition of the CXCR4 receptor. The long-lasting downregulation of CXCL12/CXCR4 signaling could have deleterious consequences for fetal development and postnatal responses to infections or inflammatory responses.
Genome-wide microarray approach confirmed the hypothesis that presence of the PI fetus causes downregulation of proinflammatory pathways in blood of the pregnant dam. It also provides justification for further study of biomarkers in maternal blood with a potential to distinguish the PI fetus carrying cow prior to the birth of the PI calf. For example, CXCR4 can be considered as one of the candidate biomarkers due to its quick and prolonged downregulation in cows carrying PI fetus. However, comparatively low fold change for the CXCR4 expression might be a limiting factor in practical applications. Further studies in this direction can lead to the development of the diagnostics of the cows that are carrying PI fetuses.
